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progressive myocardial dys 
ith sick sinus yndrome wit 
itant atrioventricular (AV) block, Rose 
decreased survival and an increased in 
heart failure in patients treated with 
pacing compared with those treated with atrial pacing 
Alpert et al. (2) have demonstrated increased survival in 
patients with high degree AV block and congestive he 
failure treated with dual-chamber paci 
ed with ventricular pacing 
rs (5) have demonstrated 
myofib~llar o~e~tat~o~ er pacing from the right 
ventricular pex. 
Abnormal ventricular ctivation has been associate 
other physiologic abnormalities a well. 
bundle branch block are known to de 
ties in septal activation and pe~osio~ 
phy (6,7). Pharmacologic stress testing with either adenosine 
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or dipyridamole may be superior to exercise scintigraphy in 
assessing coronary flow reserve in patients with left bundle 
spite these tudies, however, the spe 
term right ventricular pacing on cardiac 
that may influence myocardiai pe~usion 
or sympathetic innervation, have not been inves 
We hypothesized that he altered sequence ofventricular 
activation associated with long-term pacing from the right 
ventricular pex results in changes inventricular contractil- 
ent or not. We there- 
inurements of tissue ~or~pi~ephrirlc coate~t 
imaging with [I’23]metaiodobe~~yl- 
of the beta-adrenergic blocking agent 
and can be used to image organs with rich adrenergic 
innervation, such as the art (9). Myocardial function was 
assessed by radionuclide v ntriculography. 
A total of 24 adult s were studied under a 
protocol approved by the University of ~alifo~ia, San 
Fmncisco Committee on Animal Rese~cb and conform 
to the “Position of the Ame~can Heart Association 
Research Animal Use” adopted by thr: Assoc 
dogs of either gender, 
ventricular pex (ven- 
far pacemakers were implanted inail 
ne and evaluation of
Cardiiac suucture by liit microscopy. Radionuclide ven- 
hy was performed in the dual-chamber paced 
on ablation pacemaker implan- 
sla was achieved using intravenously admin- 
istered pentobarbital (7 to IO mg/kg body weight), with 
supplemental bolus doses of30 to 
anesthesia was initia 
dure. 
A hemostatic sheath was 
Sham abI~tio~s were 
e~er~t~rs were im 
ket. The pacemakers were then 
ricular or ~~a~-chamber 
All pacemaker leads 
intravenously with 6.0 mCi of ~It23]metaiodobenxyl- 
guanidine. Three hours later, 2.0 mCi of thallium-20I was 
injected. Animals were then killed by a bolus injection of a
saturated potassium chloride solution to arrest the hearts in 
diastok. The hearts were quickly removed, rinsed in 2°C 
normal saline solution, amd sliced pe e~dicu~ar to the ion 
axis in I.&cm slices. Three tissue samples per heart were 
removed for analysis of norepinephrine content and histol- 
ogy. The regions sampled included the midseptum as well as 
the apical and basilar left lateral free walls. The remainder of 
the tissue was arranged in a single layer for [I’23]metaiodo- 
benzylguanidine and thallium-201 imaging. [ID23]Metaiodo- 
benzylguanidine mages were acquired to essess regional 
sympathetic activity, and thallium-201 images were acquired 
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copy was Reformed for all hearts. Tissue for microscopic 
examination was ed in a solution of2.5% ~~~taral~e~y~e, 
urn cacodylate, 5 mmo~/l~ter of calcium 
chloride and 1% sucrose (p 
ounted QEI microscope slides and stained 
areas (lateral base, lateral apex and midseptum) identified 
previously from each heart were examined under light 
microscopy for the presence ofmyofibrillar disarray. Areas 
of interdigitating bundles were avoided, and the degree of 
disarray was defined according to the criteria used by 
Adomian and Beazell(5). In addition, three hearts fromthe 
ventricular paced group were analyzed by electron micros- 
~ad~onuclide ventricu- 
of 8 days and again at a 
ion in four of the dual- 
hanges in systolic and 
dogs could be studied with radionuclide ventriculography 
both short and long term. The dual-chamber paced group 
was selected because changes noted in this group would be 
due to the abnormal sequence of activation, ot to loss of 
ejection fraction an 
strnps were recor 
showed evidence of
a ~~‘~3]~etaiodobenzylguanidine/thalli 
maps were used to assess the regional 
sym~atbetic activity relative to delusion for e 
These maps were normal (cone 
dogs, as evidenced by a red hue 
distribution between [l’“‘]me 
the color functional maps showed a discorda 
[~‘23]metaiodobenzylguan~dine and thallium- 
seven dogs (p < 0.01 vs. controi dogs) (Fig. 
two, septum in one and both free wall and septum in the 
remaining two. 
In the dual-chamber paced group, the functional maps 
showed iscordance b tween [~‘23]metaiodobenzylguanid~ne 
and thallium-~0~ in two of the nine dogs (p = NS 
animals). As in the ventricular paced group, ]1’23 
benzylguan~dine istributions were ho 
cordance was due to abnormal thallium-201 s 
these two dogs perfusion was decreased in bot 
an 
e~hrjne I vels. The regional distribution of[1’23] 
metaiodobenzylguanidine app ared homogeneous in each 
group. The absolute issue norepinephrine levels were within 
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ups. However, the issue norepi- 
ificantly increased in the ventrku- 
13 ngfmg of tissue, p = 0.01) and 
ed group (0.89 kO.11 nghg of tissue, 
= 0.01) compared with the control group (0.55 z 
ng/mg of tissue). There was no significant difference 
een the ventricular and dual-chamber paced groups. 
microscopy. Light microscopy was 
ed for three to five sections, from each of three 
regions in all dogs, and analyzed by the method of Adomian 
and Beazell(5). There were no significant changes in any of 
the dogs. Electron microscopy was performed for three of 
the hearts from the ventricular paced group, and no ultra- 
structural bnormalities were noted in any of the multiple 
se 
ventrk phy. There was no difference 
ip left ventricular ejection fraction in the four dogs from the 
dual-chamber paced group investigated b tween the short- 
term study (ejection fraction 53.2 ,+ 8.7%) and the long-term 
study (ejection fraction 50.3 4 5.4%, p = 0.79). There was, 
hqwever, a significant deterioration in diastolic function 
after 3 months of pacing. These changes were noted in all of 
the dogs studied. At identical paced rates, the percent of 
filling that occurred in the first third of diastole (first-thi 
filling fraction) decreased from 53.3 -t 15.7% to 27.7 + 9.0% 
(p < 0.005). Peak filling rate decreased from 3.6 + 0.5 to 
2.6 2 0.6 end-diastolic volumes per second (p c 0.05); the 
~aoz to peak filling rate increased from 105 + 31 to 158 + 
4: als (p = 0.06). 
Our results demonstrate that pacing from the right ven- 
tricular apex without AV synchrony was associated with 
heterogeneity of myocardial perfusion compared with that of 
the control group. Intermediate degrees of perfusion abnor- 
malities were noted in the dual-chamber paced group, which 
did not reach statistical sigaificance. Regional innervation, 
as assessed by [I’*‘]metaiodobenzylguanidine d stribution, 
was homogeneous in all groups. Cardiac tissue norepineph- 
nine levels were higher in both the d~a~-c~am~er and ven- 
tricular paced groups, compared with the levels in the 
control group. It was surprising that no pathologic changes 
were noted in any animals with either light or electron 
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Figure 2. A, [I’23]Metaiodobenzylguanidirj:/thaUium-201 functional 
image from a ventricular paced og. The left ventricle isheteroge- 
neous, with a large area of the septum and free wall showing a
decrease inthallium-201 (TL201) perfusion relative to [I’23]metaio- 
dobenzylguanidine (MEG) (purple Rue). , Separate D’231metaio- 
dobenzylguanidine image used to make the functional map shown in 
A shows a homogeneous di tribution f activity. C, Thallium-201 
image shows aheterogeneous distribution with an area of decreased 
thallium-201 relative to the corresponding [Itz3]metaiodobenzyl- 
guanidine image. The region of relatively reduced thallium-201 
corresponds to the purple area in the functional map shown in A. 
of se 
in the se~t~rn a d free wail in both animals. ~~t~Q~gb the
changes did not reach statistical significance i 
with those of the control group, the number Q
ediate between that the control group an 
paced group animals. is possible that he lac 
of statistical significance in co risen with the control 
group may reflect a ype 2 emor. It is unclear- 
decreased incidence ofchanges i due to the p’es 
synchrony, intact rats-responsiveness with atrial 
a cQmb~nation of both. 
A study by Rosenqvist et al. (13) indicared t 
normal ventricular c+ation seq;rence is 
site for optimal left ventricular function, and the adverse 
noted may result in part from a~~~~rrna~~t~es 
sion, as noted here. 
nt. Although the tissue nor- 
epinephrine l vels in all groups were within the normal 
range, the relative differences between the control group and 
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both the ventricular nd dual-chamber paced groups were 
highly ~ignihcant. Even though the absolute levels were all 
within the normal range, it is conceivable that there could have 
stresses that resulted in elevations in tissue 
norepinephrine levels that were still in the normal range and yet 
were h&her than what they otherwise would have been. 
One possibility for the increased levels of norepinephrine 
in the ventricular and dual-chamber paced groups may be 
that the ectopic activation of the ventricles, along with their 
altered sequence of contraction, requires chronically in- 
creased levels of sympathetic activation to maintain normal 
cardiac output. None of the dogs had co heart failure 
(with attendant decreases in tissue no tine levels). 
Increased synthesis of my~ardi~i ~at~~holarni~~s has been 
reported for a number of situations. i~~lMdi 
cal stimulation of the stellate ganglion (171, 
sion induced by ~pha.bl~kad~ treatmc 
reflexom~diat~d increase in Adrian 
and after ial sympathectomy 
dopamine Dalmaz et al. (20) sho 
than synthesis of myocardial norepi~ephrine after up to 14 
days of long-term hypoxic stress in rats; after 28 days, 
norepinephrine synthesis and release were equalized, and 
both were greatly enhanced. Pehrsscn et al. (21) showed 
enhanced cardiac sympathetic nerve activity at rest and 
during exercise in patients with ventricular as op 
dual-chamber pacing. Future studies to direc 
myocardial function and sympathetic nerve t 
helpful to further assess the ~ssi~~l~ty that th 
nervous system is activated by means of ventricular apical 
pacing, Plasma norepinephrine levels were not measured in 
this study. The rate of change of tissue norepin~ph~ne levels 
and the effects of a small, but longlasti lcvation in tissue 
no~pinephrine on either normal or rmai hearts are 
unknown. 
(qeateral base, lateral apex and midseptum) in each dog in all 
roups: these were all normal. In addition, samples were 
taken from multiple sites in three of the ventricular paced 
animals and analyzed by electron microscopy to be sure that 
there were no changes that might have been missed by light 
microscopy. The ventricular paced dogs were selected be- 
cause it was believed that they would have the greatest 
possibility of having histologic changes. Because there were 
no changes on light microscopy in any dogs in any group, 
and because electron microscopy demonstrated no changes 
in the ventricular paced dogs studied by electron micros- 
COPY. it is assumed that the other dogs would also not have 
changes by electron microscopy. The changes described by 
Adomian and Beazell (5) were seen both by light and 
electron microscopy. 
The lack of microscopic findings in this study is signifi- 
CanflY different from findings described by Karpawich et al. 
(41 or Adomian and Beazell (5), who noted marked third- 
degree myofibrlllar disarray in dogs paced for 3 months. The 
discrepancy may be related to di 
tions. In their series, Adomia~ an 
control animals. In softest 
failure. 
Ka~~wic~ et al. (4) i 
with epicardiac leads in fi 
rate of 150 beat~mim for 3 months. It was not state 
major differences between the st 
irn~~~ture cardiac myofibrils may develop along the direc- 
s of stress (and possibly electrical) vectors, whereas we 
stM~ied mature dogs whose myofibril orientation may be 
more fixed. In addition, they used epicardial pacing, in 
trast to the end~ardial pacing used in the present study. 
It is also possible that histologic changes might have been 
seen in our study, if the dogs had been paced for a longer 
ttieular function. Systolic and diastolic left ventricu- 
s assessed in a limited number of dogs; hence, 
conclusions must be considered preliminary. There was, 
however, a significant deterioration in diastolic function over 
time, although normal systolic function was maintained. 
Other studies have documented diastolic changes that oc- 
curred with an altered sequence of left ventricular activation 
(24). However, changes in diastolic function that occur over 
time in association with long-term pacing have not been 
described. 
The reasons for the deterioration in diastolic function are 
not known but may in part be related to unfavorable ener- 
sion and i~~~ervatio~. 
ed with right ventricular 
al synchrony, is associated 
These changes may in turn be associated with chronically 
elevated tissue catecholamine lev ls, possibly as a compen- 
satory mechanism resulting from decreased ventricular func- 
tion. The net result of all these changes, both primary and 
secondary, may be mild but progressive cardiac dysfunction, 
perhaps accounting for the adverse prognoses clinically 
noted. 
If pacing from the right ventricuiar pex were continued 
for a longer period, one might expect to see higher degrees of
progressive cardiac dysfunction i  these animals, long with 
possible histologic hanges. This may correlate with the 
clinically noted increases in congestive heart failure and 
mortality noted in patients with ventricular, as opposed to 
atrial, pacing. 
This also raises the possibility that permanent pacing of 
the right ventricle, by means of a screw-in electrode located 
high on the intraventricular septum by the His bundle, may 
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